Effect of lattice occupation behavior of Li+ cations on microstructure and electrical properties of (Bi1/2Na1/2)TiO3-based lead-free piezoceramics J. Appl. Phys. 109, 054102 (2011) The effect of Nd substitution on the microstructures and electrical properties of Aurivillius phase ferroelectric Bi 3 NbTiO 9 -based ceramics has been studied. All of the Bi 3−x Nd x NbTiO 9 ͑0 Յ x Յ 1͒ ceramics are ferroelectrics. The Curie point T C decreased with increasing Nd doping content x. The Bi 3−x Nd x NbTiO 9 ceramics exhibited a sharp ferroelectric-paraelectric phase transition at small x values ͑x Յ 0.6͒, whereas a diffuse phase transition was observed at higher x values ͑x Ն 0.8͒. Both the piezoelectric constant d 33 and the dc electrical resistivity of Bi 3 NbTiO 9 ceramics were greatly enhanced by Nd substitution on the A sites. The improved properties can be attributed to the fact that Nd substitution depressed the generation of oxygen vacancies. A combination of high d 33 values, high resistivity, and high T C points ͑Ͼ700°C͒ suggests that the Bi 3−x Nd x NbTiO 9 ceramics with x Յ 0.6 could be good candidates for high-temperature piezoelectric applications.
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The origin of ferroelectricity in BLSFs is the displacement of the A site cations of the perovskite block with cooperative tilting of the BO 6 octahedra. 6 The piezoelectric activity of BLSFs is low because the rotation of the spontaneous polarization is restricted to the a-b plane. 7 Therefore, an improvement of the piezoelectric activity of BLSFs by doping without producing a large decrease in their high T C is of great interest for high-temperature piezoelectric applications. It is established that the distortions of the octahedra can be largely enhanced by the lanthanide substitution on the A sites in the pseudoperovskite layer. 8 Lanthanide cation modified BLSFs were first studied in the pioneering work of Wolfe and Newnham. 9 They found that the thanide substitution. However, no study on the effect of Nd doping on the electrical properties of BNTO has been performed.
In the present study, the effect of Nd doping on the microstructures and electrical properties of BNTO has been systematically investigated with the aim of identifying the compositions with good properties for high-temperature piezoelectric application.
II. EXPERIMENTAL
Polycrystalline ceramic samples with the formula of Bi 3−x Nd x NbTiO 9 ͑BNNT− x͒ where x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0 were prepared by conventional solid-state reaction sintering. The starting materials were Bi 2 O 3 of 99.975% purity, Nd 2 O 3 of 99.0% purity, TiO 2 of 99.6% purity, and Nb 2 O 5 of 99.5% purity. The stoichiometric mixtures of oxides were thoroughly milled for 24 h in a nylon pot. Then the mixed powder was calcined in air at 950°C for 4 h. After milling for 24 h, the calcined powders were pressed into pellets. The pressed samples were sintered at 1150-1200°C for 1 h in air.
The phase content of the BNNT− x calcined powders was determined using x-ray diffraction ͑XRD͒ ͑Siemens D5000͒ with Cu K␣ radiation. Electrodes for hightemperature electrical property measurements were fabricated with platinum paste ͑Gwent Electronic Materials Ltd., C2011004D5͒. The temperature dependence of the dielectric constants and losses were measured at different frequencies using an LCR meter ͑Agilent 4284A͒. The ferroelectric P-E hysteresis loops were measured at 200°C and 10 Hz using a ferroelectric hysteresis measurement tester. 5 The measurement procedure involved the application of triangular voltage waveforms with two complete cycles to the test samples. Samples for piezoelectric measurements were poled in silicone oil at 200°C under dc electric field strengths from 8 to 11 kV/mm for 5-15 min depending on their bulk conductivities. The piezoelectric constant d 33 was measured using a piezo-d 33 meter ͑ZJ-3B, Institute of Acoustics, Chinese Academic of Science, Beijing͒. A high resistance meter ͑Keithley 6517A͒ was used to measure the resistivity of each composition up to T C in a direct current circuit. Table I summarizes the optimized sintering temperatures, based on highest density, for the BNNT− x ceramics that were studied.
III. RESULTS AND DISCUSSION

A. Crystal structure
The XRD patterns for different BNNT− x calcined powders are presented in Fig. 1 . All samples exhibit a BLSF structure, which can be well indexed according to Ref. 17 16 also reported that the Aurivillius phase structure can be maintained without the appearance of a second phase for x as large as 1.0 in the BNNT− x system. Figure 2 shows the temperature dependence of the dielectric constant r and loss factor D at various x values in the BNNT− x system. BNTO ͑x =0͒ has a ferroelectric to paraelectric phase transition at 913°C, as shown by the sharp frequency independent maximum of r and the associated minimum of loss ͓Fig. 2͑a͔͒. The dielectric constants at low temperatures ͑T Ͻ 300°C͒ were similar regardless of the frequency used for the measurements. Frequency dependent broad undulations of the dielectric constants were observed at higher temperatures ͑400-800°C͒, and the apparent dielectric constants increased dramatically with decreasing frequency. This suggests that there are other mechanisms contributed to the dielectric polarization at high temperatures. This is usually interpreted in terms of contributions to the polarization from point defect dipoles, possibly produced by oxygen vacancies. 18 The formation of oxygen vacancies in BLSFs results from the fragility of the Bi-O bonds, 19 which results in nominal valence states for bismuth lower than 3 + . 20 An oxygen vacancy hopping mechanism is responsible for dielectric relaxation, which is therefore a thermally activated process and exponentially dependent on temperature. The losses increased with increasing temperature. A set of frequency dependent loss peaks can be found between 600 and 800°C, as indicated by the arrows in Fig. 2͑a͒ . The position of these loss peaks shifted to higher temperatures as the frequency increased. This loss behavior is consistent with dielectric relaxation induced by oxygen vacancy hopping. The frequency dependent loss peaks at high temperature cannot be observed because dc conduction losses dominate. Compositions x = 0.2 and x = 0.4 showed similar behaviors to x =0 ͓Figs. 2͑b͒ and 2͑c͔͒. They had sharp dielectric constant peaks at the Curie point. The frequency dependent broad undulations of the dielectric constants below the transition temperature were not as obvious as those in BNTO ͑x =0͒. Also, the frequency dependent loss peaks were not observed, which suggests that Nd doping decreases the generation of oxygen vacancies, as reported for Nd-doped Bi 4 Ti 3 O 12 ceramics 21 and thin films. 22 A decrease in oxygen vacancies in Bi 4 Ti 3 O 12 by Nd doping is attributed to the fact that the orbital hybridization between the Nd 5d and O 2p states stabilizes oxygen ions in the perovskite layers. 23 The frequency dependent broad undulations of the dielectric constant disappeared for the composition with x = 0.6 ͓Fig. 2͑d͔͒. The compositions with x = 0.8 and x = 1.0 exhibited broad dielectric constant peaks ͓Figs. 2͑e͒ and 2͑f͔͒ with a relaxor like behavior. However, no temperature shift with increasing frequency of the r peak was observed within the error of the measurements. Raman spectra for Bi 4 Ti 3 O 12 thin films 24, 25 and high resolution neutron powder diffraction for SrBi 2 Ta 2 O 9 ceramics 26 revealed that neodymium is selectively substituted on the A sites in the pseudoperovskite layer for small neodymium substitution content. However, with further increasing neodymium content, neodymium is also incorporated into the ͑Bi 2 O 2 ͒ 2+ layer. It is well known that the relaxor behavior or diffuse phase transition of BLSFs can be induced once cation disorder between the perovskite A site cations and the bismuth cations in the ͑Bi 2 O 2 ͒ 2+ layer occurs. 26, 27 Thus, the diffuse phase transition in the compositions x = 0.8 and x = 1.0 in the BNNT− x system indicates the occurrence of cation disorder in the ͑Bi 2 O 2 ͒ 2+ layer. The comparison of the temperature dependence of the r and D at 1 MHz for the various Nd contents is shown in Fig.  3 . It can be seen that as the Nd doping content x increased, the peak in the dielectric permittivity curve, which corresponded to the ferroelectric-paraelectric phase transition, gradually became broader. The maximum value of the peak of r decreased and the peak position moved to lower temperatures with increasing x. This indicates that Nd doping brings about a strong diffuse ferroelectric-paraelectric phase transition. The dielectric behaviors in the present BNNT− x system are consistent with the studies on lanthanide doped BLSFs, such as Nd− Bi 3 TaTiO 9 ͑m =2͒, 28 Sm-BNTO ͑m =2͒, 16 27 Compared with BNTO ͑x =0͒, the losses in the Nd-doped samples were reduced. The inset in Fig. 3 shows the dependence of the Curie points T C on Nd doping content x. T C decreased with increasing x, having two regions with different slopes. The boundary between the two regions corresponds to x = 0.6. This x value is considered to be the solubility limit of Nd element on the A sites in the pseudoperovskite structure. 24, 28 A two slope region in the relationship between T C and lanthanide substitution content was also reported in Nd-and La-doped Bi 3 TaTiO 9 ͑m =2͒, Figure 4 illustrates curves of I-E and P-E loops of BNNT− x ceramics measured at 200°C and 10 Hz. The onset of ferroelectric domain switching, as indicated by current peaks in the I-E curves, can be observed for all of the compositions in the BNNT− x system. For BNTO ͑x =0͒, besides high-field-induced current peaks at around the coercive field, a low-field-induced peak ͑identified by an arrow͒ on the positive I side of the I-E curve was also observed. The P-E loops of BNTO exhibited an obvious asymmetry shift along the electrical field axis, which was probably produced by the pinning of the domain wall by the oxygen vacanciesimpurity complex dipole. 30 Inspection of I-E and P-E loops for compositions x = 0.4-1.0 reveals that the low-fieldinduced current peaks were not apparent and the P-E loops became more symmetric with the increasing Nd doping content x. Consequently, the P-E results also demonstrate that Nd doping can decrease the oxygen vacancy concentration and minimize the detrimental effects from oxygen vacancies on polarization. can be improved by Nd doping. The present results contradict the prediction made by Sugaya et al. 16 that the piezoelectric properties of Bi 3−x Ln x TiNbO 9 would decrease with increasing content of lanthanide substitution.
B. Dielectric properties
C. Ferroelectric and piezoelectric properties
D. dc resistivity
Electrical resistivity is one of the most important properties for BLSFs. High electrical resistivity allows higher poling field to be applied, which increases the piezoelectric properties that can be obtained. The electrical resistivities of all of the compositions except x = 1.0 ͑T C = 395°C͒ in the BNNT− x system were measured above 400°C. Figure 6 shows the Arrhenius plots of the dc resistivity data. The resistivities of the compositions with x = 0.2-0.8 were dramatically enhanced by Nd substitution. This is in good agreement with the observation that the dc conductivity of perovskite structured oxides containing titanium ions decreases with the decreasing concentrations of oxygen vacancies. 31 The resistivity data follows the Arrhenius law quite well for all of the BNNT− x ceramics ͑x Յ 0.8͒. From the Arrhenius plots, the activation energies were calculated using the expression
where is the resistivity, 0 is a pre-exponential factor, E a is the activation energy, k is Boltzmann's constant, and T is the absolute temperature. The activation energies E a of all compositions are listed in Table II . The activation energies ͑ϳ0.90 eV͒ for the dc electrical conductivities of x = 0 and 0.2 suggested an extrinsic conduction mechanism, which is most probably p-type conduction according to a previous study of the electrical conductivity of BNTO. 32 With increasing Nd substitution up to x = 0.8, the activation energy E a of BNTO ceramics increased from ϳ0.90 to ϳ1.70 eV. This is associated with a change from extrinsic to intrinsic conductivity. It is well known that the intrinsic electronic conductivity activation energy is equal to half of the energy of the band gap E g . Therefore, the band gap of BNNT− x is ϳ3.40 eV. This value is consistent with those of Bi 4 Ti 3 O 12 , BaBi 4 Ti 4 O 15 , and BaTiO 3 , which are all about 3.3 eV. The similarity of the band gap is due to the common TiO 6 octahedra. 33 The combination of high d 33 values, high resistivities, and high T C points ͑Ͼ700°C͒ suggests that the compositions with x Յ 0.6 could be good candidates for high-temperature piezoelectric application.
IV. CONCLUSION
Ceramics with solid solutions in the Bi 3−x Nd x NbTiO 9 ͑BNNT− x, 0Յ x Յ 1͒ system were prepared and studied. The Curie point decreased with increasing Nd doping content x. The BNNT− x ceramics exhibited a sharp ferroelectricparaelectric phase transition at small Nd content ͑x Յ 0.6͒, whereas a diffuse phase transition was observed at higher Nd content ͑x Ն 0.8͒. The gradual disappearance of the frequency dependent broad undulations of the dielectric constants and loss peaks below T C with increasing Nd content suggests that Nd doping can inhibit the generation of oxygen vacancies. All compositions ͑x =0-1.0͒ are ferroelectrics, which was evidenced by their ferroelectric switching and piezoelectric properties. The piezoelectric coefficient d 33 and electrical resistivities of BNTO ceramics were greatly improved by Nd doping. The dc conduction of BNNT− x at low Nd doping contents ͑x Յ 0.2͒ above 400°C is related to an extrinsic p-type mechanism. At higher Nd substitutions ͑x Ͼ 0.2͒, the conduction mechanism changed to intrinsic. 
